INTRODUCTION
Any generator that wants to be connected to an electrical distribution network in the United Kingdom must satisfy Electricity Supply Industry regulation G59 [1] . This requires loss of mains (LOM) or islanding protection to be installed on the intertie between the Distributed Generator (DG) and the utility network; i.e. the DG must not be allowed to power a part of the distribution network once it has become electrically isolated from the main grid supply. This poses a hazard to utility personnel involved in the restoration of the network and risks damage to plant if the island is reconnected without synchronization. Thus islanding detection is an essential requirement to ensure the DG can be automatically disconnected immediately after loss of mains.
Techniques proposed for islanding detection can be generally divided into two categories: Active methods and passive methods. Active methods are effective for antiislanding applications, but need an additional control circuit, which are more costly and are prone to affect the quality of power supply [2] . Thus they are not favoured by utilities. Currently passive methods dominate in the application of Loss of Mains protection. These include ROCOF and vector shift.
Rate Of Change Of Frequency (ROCOF) is the most commonly utilized passive LOM protection scheme, but its application can be a problem if the load and generation on the islanded system are closely matched [3] . Furthermore, ROCOF can, on some networks, fail to discriminate between an actual LOM and other transient events. Thus nuisance tripping can occur if the system frequency varies suddenly due to load switching, loss of bulk generation or network faults.
The paper analyzes the performance of a ROCOF relay and looks at the factors that affect its detection capability, such as load type and the impact of load power factors. It also considers how ROCOF can mal-operate during system transients. The later section of this paper describes a new LOM detection technique based on a GPS synchronized phasor measurement system that compares the angular difference between the utility network voltage phasors and the distributed generator voltage phasors. The performance of the proposed technique is shown to be more reliable than ROCOF.
ROCOF PROTECTION
ROCOF operates based on the assumption there is usually a generation deficit between the load and the generation in the formed island. Immediately after islanding, the power imbalance between the load and generation causes a sudden change of frequency, which has been used to detect loss of mains. The immediate rate of change of frequency after islanding is a function of the power imbalance in the island and the inertia of the distributed generator (see equation 1).
where P G = output of distributed generator, P GN = rated capacity of generating plant, H = inertia constant of generating plant , f r = rated frequency. . This derives a fundamental frequency signal, which is processed with a derivation calculation. The resulting signal is transferred to a First order transfer function with a time constant Ta that represents the time constant of the filters and the adopted measurement window. This time constant is typically in the range from a few cycles up to 40 cycles. If the resulting rate of change of frequency exceeds the threshold, a trip signal will be triggered. ROCOF settings for a 50 Hz power system could range from 0.1Hz/s to 1.0Hz/s [4] . The value depends on the strength of the system, the stronger the system, the lower the setting. In Great Britain, ROCOF relays usually set at 0.125Hz/s, and in Northern Ireland the setting is around 0.45Hz/s to 0.5Hz/s.
The operating performance of a ROCOF relay is closely related to the power imbalance in the formed island. The higher the setting, the larger the power imbalance required to activate the relay. For the same relay setting, a high power imbalance results in fast detection. Many factors affect the actual power imbalance, including load type and power factor, and the length or X/R ratio of the feeders in the formed island.
Fig 2 shows the model used in the study. Islanded operation is simulated by opening the circuit breaker (CB) and using the synchronous generator G equipped with AVR and speed control to supply the load (L1 and L2 are 2MW and 1 MW respectively with load power factors 0.95pu). The effect of three load types on a ROCOF relay were compared in the study: constant power, constant current and constant impedance. Fig 3 shows the minimum power imbalance required to activate the relay with 0.5Hz/s settings at different load types. With the same relay settings, a larger power imbalance is required to activate the relay for a constant impedance load. This is because of the voltage dependent characteristic of the load; i.e. the actual power of the load is proportional to the voltage square. With a constant current load, the power is directly proportional to voltage. At the instant of islanding, a voltage reduction normally occurs, and the load will be reduced. The reduction is greatest for a constant impedance load and negligible for a constant power load. For the case of real and reactive power deficit, the power imbalance decreases, because the load reduces with voltage. However, for a real power surplus, the voltage and the load will still reduce, but now the power imbalance increases. For the first scenario, ROCOF becomes less sensitive, whilst for the second, more sensitive. In the rest of the simulation case studies, constant impedance load type is adopted. The power factor of a load affects the power imbalance because it changes the voltage profile. The lower the power factor, the greater the voltage reduction at the time of islanding. Thus for a voltage dependent load, there is a reduction in the generation imbalance. This makes it more difficult for a ROCOF relay to detect islanding. With the power imbalance kept at 10 %, the performance of ROCOF at different load power factors is studied by varying the load power factor from 1.0 pu to 0.8 pu. The results are presented in Table 1 . It is noticed that ROCOF @0.5 Hz/s fails to operate when load power factor falls to 0.9 pu. A ROCOF relay with 1.0 Hz/s setting is unable to detect LOM with 10% power imbalance at 0.95 pu, however, when the load power factor increase to 1.0 pu, it operates. The simulation results show that the lower the load power factor, the less sensitive the ROCOF relay. In addition, the inertia constant of the distributed generator also affects the performance of ROCOF. The higher the inertia constant, the slower the rate of frequency change, which makes the relay less sensitive for the same setting. This can be directly seen from the equation 1. 
Nuisance tripping of ROCOF

Case-a:
The effect of load switching is simulated first by switching off load L1, then by switching on adjacent feeder 4-6 and finally by switching off a 110/33KV transformer. The operating behaviour of a ROCOF relay with settings of 0.125Hz/s, 0.5Hz/s and 1.0Hz/s are listed in table 1. At 0.125Hz/s, the relay incorrectly operates for all three switching scenarios and at 0.5Hz/s it incorrectly operates for the first and third. For the case involving the switching off of L1, the relay mal-operates at all settings. It was found that the closer the electrical distance of load from the generator, the more effect it has on the performance of the ROCOF relay during load switching, which makes it more prone to nuisance tripping. Case-b. The frequency transient caused by loss of bulk generation was simulated by triggering a system frequency change of -0.2Hz/s. As expected, the relay with a 0.125Hz/s setting tripped, whilst relays with 0.5Hz/s and 1.0Hz/s remained stable. The effect of losing bulk generation on the rate of change of frequency, and hence the stability of a ROCOF relay, depends on the strength of the system; in a weak system, such as Northern Ireland it can be significant. However, the impact of nuisance tripping due to loss of bulk generation is great, since this might results in the disconnection of large numbers of DGs, at the time when they are most required. The problem is most acute on small weak systems where the power contribution from DG's is significant.
Case-c.
A three-phase fault was applied on the adjacent feeder at bus 4, 50ms later the fault was cleared by circuit breaker CB1. The ROCOF relay operated incorrectly, at settings of 0.125Hz/s, 0.5Hz/s and 1.0Hz/s, i.e. it failed to discriminate between real islanding and the adjacent feeder fault. The impact of a fault depends on the electrical distance from the fault to the DG. For example:-if the distance was doubled the relay was stable at a 1.0Hz/s setting.
From the above the studies, it can be seen that there is no single setting suitable for all the cases. Each case needs individual study. The risk of nuisance tripping is a problem for a ROCOF relay that needs to be solved.
DETECTION of LOM USING ANGULAR DIFFERENCE
To solve the problem of nuisance tripping, the paper proposes a new passive islanding detection technique based on a GPS synchronized measurement system [5] . This compares the angular difference between the utility network voltage phasors and the distributed generator voltage phasors. Phasors are very important state variables which represents both the magnitude and phase angle of the power signal. A fundamental frequency phasor is normally calculated using a DFT (Discrete Fourier transform) based on a one-power frequency cycle window. The IEEE standard 1344 [5] defines the start of the second as the absolute time reference for establishing the phasor phase angle value. If the maximum value of the AC power signal happens at the Coordinated Universal Time (UTC) second rollover, i.e. it is in phase with the cosine function synchronized to UTC, the angle will be 0 degree [5] .
Algorithms of the proposed technique
The proposed LOM detection system (see fig 5. ) mainly consists of two sets of GPS synchronised phasor measurement unit (PMU) and a micro-processor based islanding detection unit. One PMU is located at a utility substation and is used to measure the utility's voltage phase angle θs with respect to a GPS time stamp. This is then sent via a broadcast radio message or WAN to a LOM Detection Unit at the distributed generator site. The other PMU is installed at the generator-utility intertie and measures the phase angle of the distributed generator θg. .2) , a trip signal is issued. In order to ensure the stability of the proposed method during network faults, a voltage interlock signal is utilised in the scheme. If the terminal voltage of the DG or the voltage of the mains at the substation falls below a preset limit, the tripping signal from the detection unit is blocked. In the simulation the limit is set to 0.8pu. A trip signal will only be sent to the inter-tie circuit breaker if conditions (2) and (3) are both satisfied.
In addition, to eliminate the phase error caused by the change of network configuration, the initial phase angle difference is updated periodically during the steady state. The block diagram for the LOM Detection Unit is presented in Fig 6 . Since this proposed method compares the relative angular difference from the current state to its initial state, there is no worry about the phase shift caused by the transformers connected between the two measuring points. The main advantage of using relative angular difference as the basis for a LOM detection system is the reliability obtained during system disturbances. This is illustrated using the simulation scenarios listed below.
Instead of single-phase voltage phase angle, positive sequence voltage angle is adopted in the proposed detection scheme. This is based on the consideration that faults have less influence on positive sequence phase angle rather than a single voltage phase angle. A single phase to ground fault simulation was conducted and used to investigate the influence of faults on the voltage phase angle derived from a single phase or a positive sequence component respectively. Note in the simulation, the single-phase voltage angle is measured at phase A while the fault occurs on phase B. The relative angular changes derived from these two methods are presented in Fig 7. It is clear there is a significantly larger angular change derived from single-phase method than from positive sequence method during the fault. Therefore positive sequence phase angle is adopted in the proposed protection scheme.
Simulation scenarios
The behaviour of the proposed LOM protection was evaluated using the same test scenarios as applied to a conventional ROCOF relay.
Case-a. In the switching scenarios, the simulation results show the proposed protection remained stable in all three cases. It was found that the changes in the relative angular difference were very small during switching operation (see fig 8) . When compared with the results for the ROCOF relay, the effectiveness of using relative angular difference for LOM detection is apparent. Case-b. The frequency transient caused by loss of bulk generation was simulated by triggering a system frequency change of -0.2Hz/s. There is no mal-operation of the proposed protection scheme, i.e. unlike ROCOF, the proposed protection remains stable.
Case-c. The simulation results shows that the proposed protection remains stable when a three-phase fault occurs on an adjacent feeder. Although there is a sudden change in angular difference during the fault, the difference soon returns close to its original value once the fault cleared.
The above simulation studies illustrate the stability of the proposed LOM detection method during system transients. The technique can reliably discriminate between loss of mains leading to the tripping of the generator-utility intertie circuit breaker and other types of transient events for which the system must remain stable.
Simulation was also conducted to test the performance of proposed LOM scheme at different power imbalances. The simulation results are presented in Fig 9. The proposed LOM detection scheme can detect the islanding correctly when the power imbalance is greater than 3%. The larger the power imbalance the faster the protection operates. It is noticed that the detection time of the proposed protection scheme is much longer than a ROCOF relay (range from 50ms to 200ms). However, considering the nominal setting for the auto-recloser in the distribution network, 3s in Great Britain and 3s to 10s in Northern Ireland network, the detection time of the proposed scheme is acceptable. However, the authors recognise, these are only simulation studies and in reality, the proposed scheme would be more sensitive since an islanded system cannot hold the same frequency as the main utility frequency. The frequency difference between the formed island and the utility network will produce an angular change and eventually this will lead to the tripping of the intertie breaker. Further work is required to investigate this problem and to determine a realistic sensitivity value.
CONCLUSION
The paper investigates the factors that affect the stability of a ROCOF relay. The possibility of mal-operation of ROCOF during load switching, loss of bulk generation and a fault on the adjacent feeder were analysed. Finally, to enhance the reliability of the LOM protection, a new islanding detection technique based on a GPS synchronized phasor measurement system is proposed. Simulation results show that the proposed LOM technique is significantly more reliable than a conventional ROCOF based LOM protection scheme. However, the authors recognise that further work is required before the proposed technique can be considered a reliable LOM detection technique.
